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Abstract Higher temperatures are usually reported during meteorological drought and there are two
prevailing interpretations for this observation. The ﬁrst is that the increase in temperature (T) causes an
increase in evaporation (E) that dries the environment. The second states that the decline in precipitation (P)
during drought reduces the available water thereby decreasing E, and in turn the consequent reduction in
evaporative cooling causes higher T. To test which of these interpretations is correct, we use climatic data
(T, P) and a recently released database (CERES) that includes incoming and outgoing shortwave and
longwave surface radiative ﬂuxes to study meteorological drought at four sites (parts of Australia, US, and
Brazil), using the Budyko approximation to calculate E. The results support the second interpretation at arid
sites. The analysis also showed that increases in T due to drought have a different radiative signature from
increases in T due to elevated CO2.
1. Introduction
Although by no means universal, the near-surface air temperature (T) is commonly reported to be higher in
years with low precipitation (P) [Madden and Williams, 1978; Namias, 1960], especially in arid/semi-arid
regions. The consequent negative T-P relationship during a meteorological drought has long been
recognized [Koster et al., 2009; Trenberth and Shea, 2005], but there have been two very different
interpretations of the underlying cause/s. The ﬁrst interpretative framework is that high T is the primary
forcing that causes the subsequent increase in evaporation (E) thereby drying the soil [Cai and Cowan, 2008;
Nicholls, 2004]. This interpretation holds that high T is the cause and increased E is the response. It is
consistent with the observed negative T-P relationship and is also widely held amongst the general public.
The second interpretative framework is more nuanced but common in the agricultural and hydrologic
sciences. It begins by distinguishing environments where evaporation is limited by available energy from
those where evaporation is limited by available water [Budyko, 1974; Roderick et al., 2009]. In a water-limited
environment there is minimal runoff, and any reduction in P during a meteorological drought will generally
result in a reduction in E and/or soil moisture [Jung et al., 2010; Lockart et al., 2009; Roderick and Farquhar,
2004]. A further consequence of the decline in E (and hence the latent heat ﬂux, LE, with L the latent heat of
vaporisation) is less evaporative cooling. This implies that for the same net radiative ﬂux, there will be a
concurrent increase in the sensible heat ﬂux (H) thereby warming the air. This interpretation is supported by a
wide variety of ﬂux-tower observations from water-limited environments showing that E does decrease and
H does increase during years with low P [Fischer et al., 2012; Jung et al., 2010;Meyers, 2001; Sun et al., 2008]. In
short, the agricultural-hydrologic interpretation is that a decrease in P in a water-limited environment can
be thought of as the forcing, and the reduction in E (and the associated reduction in evaporative cooling)
causes some of the increase in T.
However, in an energy-limited environment, the agricultural-hydrologic interpretation is quite different. In
those environments, E is more sensitive to changes in energy supply than water supply [Roderick and
Farquhar, 2011], and a larger fraction of the variations in P become variations in runoff. It is clear from the
distinction between water-limited and energy-limited environments that an understanding of the underlying
biophysics of drought requires that one go well beyond examining changes in T to also consider changes
in surface conditions/properties (e.g., changes in latent and sensible heat ﬂuxes, changes in surface albedo)
as well as concurrent changes in atmospheric properties (e.g., less cloud during drought leading to more
solar radiation). Despite this, many climatological analyses of drought still focus on T and P because those
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data are routinely available from existing meteorological networks at the relevant spatial (100’s–10,000’s km2)
and temporal (seasonal-decadal) scales [Shefﬁeld et al., 2009] for drought assessment. By comparison, data on
the surface radiative ﬂuxes are not yet part of the standard climatological data collection efforts, and this has
hindered the interpretation of the drought-T correlation.
Recently, comprehensive radiative data derived from a common satellite source known as the Clouds and
Earth’s Radiant Energy Systems (CERES) program have been made available to the global geoscience
community by NASA [Loeb et al., 2012]. This 1° global database contains monthly observation-based
estimates of the four (incoming and outgoing shortwave and longwave) surface radiative ﬂuxes beginning in
March 2000. The new CERES database presents a unique opportunity to test the agricultural-hydrologic
interpretation by examining individual surface radiative ﬂux anomalies over regions known to have
experienced drought over the last decade.
In this paper we ﬁrst revisit the relationship between annual T and P anomalies and then investigate how the
four surface radiative ﬂuxes (CERES) vary with P over the same period. We use the Budyko approximation to
calculate E (from P and the radiative data). We examine those data at two sites that have experienced recent
prominent meteorological droughts (Texas, Murray Darling Basin) and compare with results from two
additional sites. If the above-noted agricultural-hydrologic interpretation holds over large spatial scales we
expect to ﬁnd a different response pattern in components of the surface energy balance to a given variation
in P in a water-limited environment when compared to an energy-limited environment.
2. Materials
Of the four study sites (Figure 1), two were deﬁned by the occurrence of prominent droughts over the last
decade in water-limited environments and include (i) parts of Texas in the southern United States [Seager
et al., 2014], and (ii) the Murray-Darling Basin (MDB) in southeast Australia [Verdon-Kidd and Kiem, 2009]. The
MDB is deﬁned by the basin boundary, while in Texas we selected a region of near-homogenous aridity. We
selected a further site, of greater background aridity, located in southwest Australia (denoted SW Aus in
Figures and Tables), to evaluate the robustness of the relationships derived from Texas and the MDB. To
provide a contrast we also examine a (near-homogenous) humid site in Brazil which lies at similar latitudes
(~30°) to the other three arid sites. At these latitudes, all of the sites are more or less free of seasonal
Figure 1. Location of the four study sites in relation to the aridity measure, ∂E/∂P (equation (4)). Inset shows mean annual climatic data (2001–2012) for the four sites.
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complications arising from snow/ice cover, and all analyses are conducted using annual data. At each site we
obtained the annual means for the daily air temperature (Tm), daily maximum air temperature (Tx), and
annual P from the CRU TS3.21 database [Harris et al., 2014] for 2001–2012 (inclusive).
The analysis begins with the usual deﬁnition of the surface energy balance,
RS;i  RS;o þ RL;i  RL;o ¼ Rn ¼ LE þ Hþ G (1)
with the sum of the incoming and outgoing shortwave (RS,i, RS,o) and longwave (RL,i, RL,o) surface radiative
ﬂuxes being equal to the net radiative ﬂux (Rn) that is balanced by the latent (LE), sensible (H), and ground (G)
heat ﬂuxes. Estimates of the four surface radiative ﬂuxes were obtained from the CERES-EBAF Ed2.7 database
[Loeb et al., 2012] which provides a global monthly 1° record beginning in March 2000 and current to March
2013. We calculated the annual mean for each ﬂux for the same period (2001–2012 inclusive) at the four
study sites. As we are using annual data we assume that G equals zero. To calculate H (=Rn LE) we ﬁrst infer E







with Eo deﬁned as the water-equivalent of Rn (Eo = Rn/L). In that calculation we set n=1.9 because that
parameter value reproduces the original Budyko curve [Donohue et al., 2011]. The annual E anomalies (ΔE)
were calculated as a function of the annual P and Eo anomalies (ΔP, ΔEo) using,
ΔE ¼ ∂E=∂Pð ÞΔP þ ∂E=∂Eoð ÞΔEo (3)


















The numerical values of the partial differentials and other key climatic data at the four study sites are shown
in Figure 1.
Note that the partial derivatives have a straight-forward physical interpretation [Roderick and Farquhar, 2011;
Roderick et al., 2014]. In a water-limited (arid) environment, Emostly depends on P, andwe expect ∂E/∂P→ 1 and
∂E/∂Eo→ 0, while in an energy-limited (humid) environment we expect the opposite. (See Figures S1–S3 for
global maps.) On that basis, three of the study sites (SW Australia, Texas, MDB) are considered arid/semi-arid,
Figure 2. Relationship between Tm and (a) P, and (b) calculated E anomalies, at the four study sites (2001–2012). The driest and
wettest years are denoted for both the Murray-Darling Basin (MDB) (Dry: 2002, 2006, Wet: 2010) and for Texas (Dry: 2011, Wet:
2004). Regressions that are not signiﬁcant (p> 0.05, see Table S1 for full statistical details) are shown as a dashed line.
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and for those sites we expect minimal
runoff with any variations in (annual)
P translating mostly into (annual)
variations in E. In contrast, in the humid
environment (Brazil), it is expected that
variations in P will mostly translate into
variations in runoff, and we expect E to
be more sensitive to variations in Eo than
P. To give a numerical example using
equation (3) and the data from Figure 1,
for the MDB we have ΔE=0.75 ΔP
+0.07 ΔEo, while at the humid Brazil site
we have ΔE=0.25 ΔP+0.45 ΔEo.
3. Results
3.1. Relating Temperature to
Precipitation and Evaporation
The relationship between annual Tm
and P anomalies (ΔTm, ΔP) at the four
study sites is shown in Figure 2a. The
driest and wettest years are denoted
for both the MDB (2002/2006 and
2010) and Texas (2011 and 2004).
During the prominent Texas drought
year (2011) Tm was around 1.2° C above
the decadal average. The absolute
magnitudes of the dry/wet anomalies
(~ ±200–300mmyr1) were roughly
similar at all sites with the exception of
the very dry SW Australia site where the
anomalies were smaller. There is a strong
(and statistically signiﬁcant) negative
ΔTm-ΔP relationship at all three arid sites
(SW Australia, Texas, MDB). (The same
results are evident for the ΔTx-ΔP
relationships, see Figure S5.) At all three
arid sites, a decrease in P resulted in a
more or less equal reduction in (the
calculated) E, and the resulting ΔTm-ΔE
relationships were qualitatively similar
to the earlier ΔTm-ΔP relationships
(Figure 2). In contrast, at the humid site
(Brazil) we ﬁnd the opposite with
positive ΔTm-ΔP (Figure 2a) and ΔTm-ΔE
(Figure 2b) relationships although both
are weak and not statistically signiﬁcant.
(The same relations were found using
other databases for E, see Figure S4.)
3.2. Relating Precipitation to the Surface Energy Balance
Figure 3 documents the relationship between annual P and surface energy balance anomalies at the
four sites. Note that in examining RS,o (=α RS,i, with α the albedo) we separated the anomaly into two terms
Figure 3. Relationship between anomalies of P and of the surface radiative
and convective ﬂuxes at the four study sites (2001–2012). (a) ΔRS,i, (b) ΔRL,i,
(c) αΔRS,i (change in RS,o caused by a change in RS,i), (d) ΔRL,o, (e) RS,i Δα
(change in RS,o caused by a change in α), (f ) ΔRn, (g) calculated LΔE, and
(h) calculated ΔH. Regressions that are not signiﬁcant (p> 0.05, see
Table S2 for full statistical details) are shown as a dashed line.
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(ΔRS,o = α ΔRS,i + RS,i Δα) to separately account for changes in incoming shortwave (α ΔRS,i, Figure 3c) and in
albedo (RS,i Δα, Figure 3e). Changes in the surface radiative ﬂuxes with ΔP were primarily associated with
changes in RS,i and RL,o (Figures 3a and 3d). The key result is that drought was accompanied by increasing RS,i
(Figure 3a) at all sites irrespective of the background aridity. RL,o also increased during drought but only at the
three arid sites (Figure 3d). At the humid Brazil site there is no (statistically signiﬁcant) relationship between
ΔRL,o and ΔP (Figure 3d) which was anticipated based on the earlier ΔTm-ΔP results at that site (Figure 2a).
Note that at the arid sites the increase in RS,i during drought is roughly equal in magnitude to the increase in
RL,o. The physical interpretation is that the increase in RS,i during drought is an important source of heat for
increasing the surface T (and thereby increasing RL,o) at the three arid sites. However, at the humid (Brazil) site
we observed a (qualitatively) similar increase in RS,i as P declined but that did not translate into an increase in
RL,o (i.e., surface T) (Figures 2a, 3a, and 3d).
Changes in the other radiative terms were not as prominent. In particular, there were consistent changes in
RS,o due to changes in RS,i at all sites but the overall magnitude is small (Figure 3c), while the changes in RS,o
due to changes in albedo showed large between-year and between-site scatter with little overall consistency
(Figure 3e). The relationship between ΔRL,i and ΔP also showed much scatter. While all sites showed a
decrease in RL,i during drought, that decrease is only statistically signiﬁcant at the driest site (SW Australia)
(Figure 3b). Taken as a whole, there is minimal impact of drought on Rn at the Brazil and MDB sites (Figure 3f)
which emphasizes the point that a near-constant Rn during dry/wet years does not mean that each of the
individual surface radiative ﬂuxes is also constant. At the remaining two arid sites (SW Australia, Texas), Rn
showed a (statistically signiﬁcant) decrease during meteorological drought.
The Budyko-based estimates of changes in the two convective ﬂuxes were as anticipated. At the three arid
sites LE showed a strong positive relationship with P, while the response was still positive but muted at the
humid Brazil site (Figure 3g). The magnitude of changes in LE is larger than those in Rn (compare Figures 3f
and 3g) which resulted in a strong (statistically signiﬁcant) negative ΔH-ΔP relationship (Figure 3h) at all sites
irrespective of the background aridity. This implies a higher H during drought at all four study sites.
4. Discussion
The increase in air temperature (Tm) as E declined (Figure 2b) found at the three arid sites examined here is
consistent with previous analysis of both observations and climate model output [Schär et al., 1999;
Seneviratne et al., 2010; Shefﬁeld and Wood, 2008; Teuling et al., 2009]. At the arid sites (SW Australia, Texas,
MDB) the decline in E is caused by a decline in P that results in less evaporative cooling and a consequent
increase in the sensible heat ﬂux. We calculated E using the Budyko approximation (E= f(P, Eo)) and then
estimated H (=Rn LE) by balance. Our calculations of E are based on a steady state formulation [Roderick and
Farquhar, 2011] and ignore changes in soil moisture storage. During drought the soil moisture anomaly is
expected to be negative [Leblanc et al., 2009; Long et al., 2013]. This implies that the steady state formulation
we used would have likely underestimated E during drought and would in turn lead to an overestimation of
H. Hence, the calculated estimates for ΔE, LΔE, and ΔH (Figures 2b, 3g, and 3h, respectively) should only be
considered a useful ﬁrst approximation. Despite that, the storage change would not alter the qualitative
nature of the derived relation and an increase in H during drought in arid regions has been conﬁrmed by
numerous eddy ﬂux observations [e.g., Fischer et al., 2012; Jung et al., 2010;Meyers, 2001; Sun et al., 2008]. In an
even more general sense, laboratory experiments where the energy supply is ﬁxed demonstrate that as wet
soil dries there is an abrupt increase in T when E ﬁrst begins to decline [Aminzadeh and Or, 2013]. This is the
well-known transition from stage I to stage II evaporation. In summary, our ﬁndings are in line with the
standard agricultural-hydrologic interpretation, and we conclude that some of the increase in T during
meteorological drought in an arid environment is the result of a land surface feedback to the atmosphere.
At the one humid site (Brazil) examined, there was a weak (and not statistically signiﬁcant) decrease in Tm as P
declined that was the opposite of the pattern found at the arid sites (Figure 2a). Despite the different result,
the response of the turbulent ﬂuxes at the humid site was qualitatively similar to that at the arid sites with
(slightly) less E and (slightly) more H during meteorological drought. The above-noted difference between
arid and humid regions emphasizes that the changes under meteorological drought cannot be solely
attributed to changes in a land surface feedback due to changes in surface moisture conditions (i.e., less E,
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more H). Instead, there must also be
changes in the individual radiative
ﬂuxes that differ between arid and
humid regions.
To summarize the different drought
behavior between arid and humid
regions we use the site-speciﬁc
regressions (Figure 3 and Table S2) to
calculate the changes in the surface
energy balance for a given drop in P of
200mmyr1 (Table 1). To set a
benchmark, if Ewere to decrease by the
same amount, the resulting decrease in
the latent heat ﬂux (LΔE) would be around 15.5Wm2 which is reasonably close to the estimated drop at the
three arid sites (SW Australia, Texas, MDB). This again emphasizes the tight control that moisture supply (P)
has on E under arid conditions. However, at the humid (Brazil) site, the calculated change in latent heat ﬂux
(=3.6Wm2) is only a small fraction of the possible (=15.5Wm2) change. At that site, most of the change
in P would become a change in runoff, as has been recently observed in a humid catchment in the Swiss alps
[Seneviratne et al., 2012]. That is again in accord with the standard agricultural-hydrologic interpretation.
During meteorological drought, all sites, irrespective of background aridity, experienced an increase (although
of different magnitudes) in the incoming shortwave irradiance. The key to a more complete understanding of
drought is to understand the ultimate fate of that additional shortwave irradiance. At the three arid sites there
was an increase in outgoing longwave irradiance of roughly equal magnitude implying that the extra
shortwave contributed to an increase in the surface T thereby increasing the outgoing longwave irradiance.
However, at the humid site, there was little change in either air temperature (Figure 2a, Brazil) or outgoing
longwave irradiance (Figure 3d, Brazil). Instead, much of extra shortwave at the humid site was partitioned into
the turbulent (LE+H) ﬂuxes. Future research could use the CERES data to examine the radiative and turbulent
ﬂuxes at a ﬁner temporal scale (e.g., monthly) to try and resolve more details on the partitioning.
Another important point highlighted by the data (Table 1) is that in terms of a local (and transient) radiative
forcing, meteorological drought is characterized by both an increase in the incoming shortwave and a
decrease in the incoming longwave irradiance. The increases in incoming shortwave are statistically
signiﬁcant at all sites, and such a ﬁnding is well known and physically sensible (i.e., less cloud leading to more
incoming shortwave irradiance during meteorological drought). The decline in incoming longwave during
drought was also found at all sites, although there was considerable scatter, and it was only statistically
signiﬁcant at the driest (SW Australia) site (Figure 3b and Table 1). The CERES estimate is based on a radiative
transfer model that uses observed atmospheric proﬁles of temperature and humidity along with observed
cloud cover. In contrast, the agricultural and hydrologic communities have long used a number of simpler
empirical and semi-empirical models to estimate the incoming longwave radiation at the surface. (See
comprehensive summaries of different models byDuarte et al. [2006] and Lhomme et al. [2007].) Although not
all of those empirical models are identical, they would generally predict a decrease in incoming longwave
during meteorological drought because of less cloud cover and/or water vapor in accord with the more
complex CERES observation-based estimates.
This raises a key point relating to the source of variation in the radiative balance, and the consequent relationship
to T and to the enhanced greenhouse effect. At a global scale, the current conception is for the enhanced
greenhouse effect to increase the T at the surface over the next 100 years by increasing the incoming longwave
with little (globally averaged) change in incoming shortwave [Roderick et al., 2014; Russell et al., 2013]. That is very
different to the (transient) changes in the (local) surface radiative ﬂuxes duringmeteorological drought (increase
in incoming shortwave, decrease in incoming longwave). In essence, the increase in T observed during
meteorological drought in arid regions is accompanied by a very different radiative signature from the increase
in T expected due to an enhancement of the greenhouse effect. With that insight we suggest that it may be
possible to separate the change in T due to increasing greenhouse gases from that due to forced/unforced
changes in atmospheric circulation using observations of the four individual surface radiative ﬂuxes.
Table 1. Annual Anomalies in the Surface Energy Balance (Wm2) at the
Four Study Sites Assuming a Fixed Reduction in P of 200mmyr1a
SW Aus Texas Murray-Darling Basin (MDB) Brazil
ΔRS,i +11.8 +9.4 +8.3 +4.2
ΔRL,i 6.2 1.6 0.5 1.7
αΔRS,i +2.2 +1.8 +1.4 +0.7
RS,iΔα +2.3 +1.5 +0.8 +0.1
ΔRL,o +8.6 +10.0 +6.3 +1.0
ΔRn 7.6 5.5 0.7 + 0.6
LΔE 14.7 12.9 11.7 3.6
ΔH +7.3 +7.4 +11.0 +4.3
aThe anomalies are calculated using the site-speciﬁc slopes reported
in Figure 3 (see Table S2). Signiﬁcant changes (p< 0.05, Figure 3)
are italicized.
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